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Indirect Detection of Dark Matter



A~
@b v Motivation for Dark Matter

Gamma-ray

/ S;‘).‘u‘t" Tt"|c"-’.i‘0]‘.-:'4
]

Galaxy Rotation Curves

v(kmls)

Expected

rom

luminous disk

10

R(kpc)

M33 Rotation Curve

\ ‘. . . v‘.

NOAO, AURA, NSF, T.A. Rector Bullet Cluster (Markevitch & Clowe, 2006)

Cosmological Probes

SN RC PR DA @ DARK ENERGY
WMAP Science Team SRR ® DARK MATTER
© ORDINARY MATTER
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Hunting for WIMPs

Mass set by

Production

h:

the weak scale:
GeV to TeV

Direct
Detection

Indirect :

i Fermi-LAT
0

1

Xenoq}OO_

Bal
-
Y ,

. AU

l .2\

: Ll N \

f : -
! %
|
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S ermi Indirect Detection

s . ) Particle Detection
Dark Matter Distribution Particle Propagation
Dark Matter Annihilation

Neutral Particles
(v, v)

Charged Particles
(e%, p*, etc.)

Alex Drlica-Wagner | Fermilab 5
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s, ey Indirect Detection
o/ S Tane
Particle Flux ) Gammarays
(signal in data) /‘ =
dd 1 < ognnt > dN/ N |
E — B Vu/
BT T Lo 2 a5 P (e
f 4 W*/Z/q e\
\- \. Neutrinos
>< w \ v
e'j\ )
+ a few p/p, d/d
/ dQ// pz(r(l,(b’))dl(r, ¢/) Anti-matter
AQ(p,0) los
Dark Matter o
Distribution

(line-of-sight integral)
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s crmi Gamma-ray Spectrum

1 < ognnv > dN/
41 Zm‘%VIMP ; dFE

(ov) ~ 3 x 10" *°cm? s~

< OgnnU >

Gamma-ray Flux

Particle Energy

Alex Drlica-Wagner | Fermilab




Dark Matter Distribution

/ oy / 2 (r(1, ¢))dl(r, &)
AQ(p,0) los

Alex Drlica-Wagner | Fermilab Piere et al. Phys Rev D83, 023581 (2011) 8



Dark Matter Distribution

/ aY / 2 (r(l, &)di(r, &')
AQ(¢p,0) los

Galactic Substructure:
eLower statistics
eLower background

Galactic Center: _
elLarger signal
elLarger background

Alex Drlica-Wagner | Fermilab Piere et al. Phys Rev D83, 023581 (2011) 9



The Fermi Large Area Telescope



The Fermi Large Area Telescope (LAT)




s, ecrmd The Fermi Large Area Telescope

Gamma ray
/ Space Telescope

Fermi LAT Collaboration:
Public Data Release: ~400 Scientific Members,
All y-ray data made public within NASA/DOE & International

24 hours (usually less) Contributions

e 00 [0 o

(i

Si-Strip Tracker:
convert y->e*e-
reconstruct y direction

. = | No Magnet
EM vs. hadron separation | o -

Hodoscopic Csl Calorimeter:
measure y energy

iImage EM shower
EM v. hadron separation

Anti-Coincidence Detector:
Charged particle separation

Sky Survey: Trigger and Filter:

The LAT observes the whole sky Reduce data rate from ~10kHz to
every 3 hours (2.5 sr FOV) 300-500 Hz




%(m Event-by-Event Detection

Gamma-ay
Space Telescope

X Nearly ideal y-ray candidate:
1. Track starts in middle of TKR

2. Extra hits near track
3. CAL axis aligned with track

x

i
ol
e

XXX

4. CAL energy confined near axis

llllllllllllllllllllllllllllllllll

lllllllllll

Nearly ideal proton candidate: ot

1. Starts at top of TKR 5\‘

2. Few extra hits near track E KX

3. CAL axis not-aligned with track x va—

4. CAL energy “lumpier” X

5. Signal in the ACD (not shown) o E
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o
ESermit

Gamma ray

/ Space Telescope

Background Rejection

i = = Primary Protons - Primary Electrons—J 195 N
7 104 _E .......................................... AMSO1{Angaretal2002’; ........... Ah"SO'](A‘QUIlBI‘E’iaIQﬂOQ? .......... 5
'Tw = : Ramela (Adnani et al. 201%) Pamela (Adnani €t al. 2011) 4 =
- 103 ....................... ATIC:2 (Panov.et.al.. 2006}............ Fermi LAT.(Abdo. gt.al..2010])........ 10 5
'E CREAM (Yoon et al. 2011) H.E.S.S. (Aharontan et al. 2008) 3 ©
; 102 ............................................................................ ? .c.’.‘.’.?nqn .................................................... 10 =
9 A Dnoﬂn- (&)
o :
c 10 I R wny g T T TTrrT T T TIrT] T T TTTI T T 1T I B I =
“C’ . 0 7F=—T Ian Found _______ i _________ =_P7SOURCE Class _______ .
o2 o : — n | R -
® o "ea . & 6 Passed On-Board Filter — P7ULTRAGLEAN Class —
USSR - I SRR
® - - — P7TRANSIENT Class { | -
é T 2 e — - e et rE— W S i
O - | | =
g 10-3 b e e 8 4 :_ __________/;lj uuuuuuuuuuuuuuuuu o _:
= B < - | | -
o "4 ........ [~ ; |
© 10 : Gamma-ra o /o s s
% . Fermi LAT (unpyb - i
£ 10 >Gamma-ra - : [ 1
10°6 Fermi LAT (Abdd ¢ V2] B b  ———— .
ool _ j t j 3
10° 1 (975” Jd T -
0— - II 1 1 llllll' 1 1 lllllll 1 1 lllllll 1 1 ll-

102 10° 10* 10°
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Fermi-LAT Performance

<

f@ Andromeda (M31)

Optical DSS Image

[s)
()
5,2,
S
)
©
=
L —
ey
@©
O
-—
O
@©
4]
(L

20 arcmin

126 124 122 120 118
Galactic longitude (deg)

counts de‘2
180 220 240 260 280
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Fermi-LAT 4-Year All-Sky Map

/ >

Active Galactic Nuclei (>1100)

/ & Piisars (+100)

£

Galactic Diffuse Emission

— |

Isotropic Diffuse Emission

+ Pulsar Wind Nebulae + Supernova Remnants + Globular
Clusters + Starburst Galaxies + Unassociated Sources + etc.



Dark Matter Distribution

/ aY / 2 (r(l, &)di(r, &')
AQ(¢p,0) los

Galactic Substructure:
eLower statistics
eLower background

Galactic Center: _
elLarger signal
elLarger background

Alex Drlica-Wagner | Fermilab Piere et al. Phys Rev D83, 023581 (2011) 17



The Galactic Center



Alex Drlica-Wagner | Fermilab

The Galactic Center

The Galactic Center is an appealing
target for dark matter searches

— Deep gravitational potential
— Relatively nearby

However, it is extremely complicated

— Diffuse emission from cosmic-ray
interactions with Galactic gas and dust

— Densely populated by astrophysical
sources (e.g., pulsars, SNR)

— Detected in other wavelengths (e.g.,
radio, X-ray, TeV)
Topic of much study...
— Hooper & Linden (2011)
— Boyarski et al. (2011)
— Abazajian & Kaplinghat (2012)
— Huang et al. (2013)
— Abazajian et al. (2014)
— Daylan et al. (2014)
— Calore et al. (2014)
— etc.
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/

) 0
‘““s ermi
' Gamma-ray
Space Telescope
Spatial Map
Total Flux

1.0-3.16 GeV 0.316 - 1.0 GeV

3.16 - 10 GeV

2.5°

00

-2.5°

2.5°

00

-2.5°

2.5°
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-2.5°

2.5° 0° -25° 2.5°

Residual Model (x3)

00

Galactic Center

-2.5°

10.0 x 104
8.0

6.0

o Gamma-ray Spectrum

107° p——— —————]
- — — broken PL

PL with exp. cutoff )
- - - DM bb

20 -+ = DM 7ttr™
GC excess spectrum with ]
stat. and corr. syst. errors |

0.0 -

ST

7.5x 104

» 107°F - BT
6.0 :

—2 .1
|

\”HI
el

|

J
o

4.5
3.0

—_
3
J

1.5

E?dN/dE [GeV cm

0.0

20.0x105 107®

16.0

10° 10! 102

ElGeV] (Calore et al., 2014)
12.0

8.0
4.0
0.0

(Daylan et al., 2014)
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A~

extremely complicated region

manifest itself in other regions

The investigation of other dark

s, ey The Galactic Center
Gd"”ﬁa ray
g7 Space Telescope
10—25 ——— : : . —
. Bb (Calore et al., 2014) -
: Tt~ :
. @ Hooper & Slatyer 2013 -
= = ‘- | -I_Iila;-ng_l-_ -20-1§ H = = = = = -‘ ‘-‘ -'.- .- —_— | Thermal Re"c
® Daylan+ 2014 7‘ ot B
—T O Abazaijan+ 2014 -DO /.,.
& B Cordont 2014 @ -
é 10—-26 | " et _
R ; o :
- el \ ’ The Galactic Center is an
" ’/
! - / - |
T s . A dark matter signal should
- ‘. * ¢ I
. | matter targets is essential
10~ B ' ' _—
101 102
my |GeV]

Alex Drlica-Wagner | Fermilab

22




Dwarf Galaxies



~
@ ermi Dwarf Spheroidal Satellite Galaxies

Gd"' ma-ray

/’ Space Telesc ope

I CVnll

Luminosities range
UMl from 103 Loto 107 Lo

Sextans

Ursa Minor
- Draco

Wi Herco s

!

" UMall

4
-

Carina

¥
-
Sculptor
Py ‘ )

¢ Fornmax

(Bullock, Geha, Powell)
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s, v Dwarf Spheroidal Galaxies

 Most dark-matter dominated objects in the
universe (100 - 1000 times more dark
matter than visible matter)

 Relatively nearby (25 - 150 kpc)

* High galactic latitudes (minimize
astrophysical foregrounds)

* Multi-wavelength observations show no —
evidence for astrophysical gamma-ray RS a g Scon

) il /. Boo III @Boo IT . ‘Leo Vv
: / S 1
production & gy Ehe Sualv. @ e
; : Sex

e No active star formation
(no energy injection)

 No appreciable magnetic fields
(no acceleration)

e No no gas or dust
(no target material)

Alex Drlica-Wagner | Fermilab 25



Dark Matter Content

/ 2 / 2 (r(l, &) di(r, &)
AQ(p,0) los

 Dark matter content determined
spectroscopically from stellar
velocity dispersion

— Classical dwarfs: spectra for several
thousand stars

— Ultra-faint dwarfs: spectra for fewer
than 100 stars

« Assume a DM density profile to
calculate a J-factor (Martinez, 2013)

— Minimize J-factor uncertainty by
enclosing the half-light radius

— Become insensitive to the inner
profile behavior (core vs. cusp) at
large enough radii

* Include the statistical uncertainty in
the J-factor in gamma-ray analysis

ay, (km/s)

Walker et al. 2007

= Carina =
= BRI E
%:':.:.:“}"l’: SEENEUR A SFRFA
= ﬂracoé
3 ¢ : E
% |I I.\I | ] %
%:::!}::::}::::'”:m:“:'%
= Leo I3
; $ 4 E
|{ R
== Leo II 3
3 P I
= | | Scullptor_f
e S
3 — | }f -
= Sextans 3
B E
EI | I|I | 1 1 I---I--l---l--;.-l--;.-I--;--I-.;-E
0 500 1000 1500

R (pc)



p
@, ermi J-Factors for 18 Dwarf Galaxies

CI-J""'T“I:J 'd}'
' S;‘).’u‘e“ T:"lr;‘-‘.:‘(-p:"
dsy (r(l,¢")dl(r, ¢")
IO Y ’
AQ(p,0) los
20.0 , I ] ] |
Segl —
UMall NFW profile integrated
19 5 T Will over 0.5 degree cone
4| Com

— ! Bool Dra
= 19.0} 1 O. _
= Scl
o 1 UMal
i 18'5 i 6Mi 1 CaI' Her FOI' |
e m—_ -©
- LeolV
= Sex| [ 4~ FCVall
%E 18.0 —— n Leol |
B - | Leoll

17.5} } * } ]

17.00 50 100 150 200 250 300

Distance [kpc]
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< ermi Gamma-ray Count Maps

Draco

(0.5 GeV - 1.6 GeV 1.6 GeV - 5.0 GeV

5.0 GeV - 15.8 GeV

— NFW Scale Radius
— LAT PSF (68%/95%)

87.0 85.5 87.0 85.5 87.0 85.5
(1] (L] (L]
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Vo
s, ermi Joint Likelihood Analysis

Gamma-ray

/’ Space Telescope

e Assume same dark matter particle present in all
dwarf spheroidal galaxies (same spectrum)

. . . dd 1 (Gannv) AN/t
 Use all dwarf galaxies with well-determined 80 = s — Br
J-factors in non-overlapping regions (N=15) =
 Perform a combined likelihood analysis: X
— Predicted flux for each dwarf will depend on
individual dark matter content (J-factor) [/ dsY / p?(r(l, ¢"))dl(r, ¢')J
— Include statistical uncertainties from stellar S@0 e

kinematic data.
— Fit backgrounds independently

e Joint likelihood function:

L(D ‘ Pm; {pk}) — HL%AT(DR ’ Pm; pk)

F \ "

Shared by all dwarfs % o— (10810 (Jr)—logy, (Jk))* /207
(dark matter particle In(10)Jpv/2mwoy
parameters)

Fit for each dwarf

(background sources)

Uncertainty in J-factor
Alex Drlica-Wagner | Fermilab 29



~

. Combined Limits at 95%CL

GJ'" ma-ray
S pace Tl"lr.' sCope

F| — Observed Limit

i 10_22 E —=- Median Expected Y ?
Comblne 1 5 dSphS 68% Containment 7

1023 q 95% Containment -
Expected sensitivity
calculated from the data

300 sets of 15
random sky
locations

High-Galactic-
latitude (|b|>20)

(ov) (cm3s71)

(ov) (cm3s71)

>1° from LAT
catalog sources

(ov) (cm3s71)

Largest excess for 25
GeV WIMP to bb, TS = 8.7

(TS > 25 threshold) BT B T B—rr—
Mass (GeV /c?) Mass (GeV/c?)

Alex Drlica-Wagner | Fermilab Ackermann et al. PRD 89 042001 (2014) 30



A~

@5, ermi Statistical and Systematic Effects

Gamma ray
/ Space Telescope

e Distribution of TS values in the data
does not follow asymptotic theorems

 Confounding features of the data:

— Unresolved background sources 0%

— Instrumental features
— Imperfect modeling of the diffuse

background = 1071
 Global significance: ?:
— Simulations: p-value = 0.02 5 107
— Data: p-value = 0.08 §

— Instrument response (< 15%)
— Diffuse backgrounds (< 10%)
— Dark matter profile (< 20%)

Alex Drlica-Wagner | Fermilab

Additional systematic uncertainties: 10}

b (25 GeV)

-= Xi/2

— Simulations

— Random Positions | |

TS

Ackermann et al. PRD 89 042001 (2014) 31
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Galactic Center Comparison

Galactic Center
Cross Section

Mass (GeV/c?)
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Pass 8: Improved LAT Performance

Alex Drlica-Wagner | Fermilab
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oermi Pass 8: Ghost Busting

~

ma-ray

pace Tt"lr“.:‘(lr.:“

* The Fermi-LAT data is publicly released in packages termed “Passes”.

« Each Pass reflects our improved understanding of the instrument and it’s
environment (detector simulations, event reconstruction, event selection, etc.).

e Pass 8 works from the ground up to remove residual cosmic-ray pile-up.

Good gamma ray

Out-of-time cosmic ray

Alex Drlica-Wagner | Fermilab ADW Ph.D. Thesis, 2013 34
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s ormi Pass 8: Better “Seeing”

CJ""1TJ ray
' Space Tele scope

e Events can be divided into classes log,(E/MeV) = [3.250 3.500] log,,(E/MeV) = [3.250 3.500]
based on the quality of the event s s S
re co nstru cti o n . . 5 3FGL J0652.0-4 0 | 3FGLJ0652.0-4

\
\

e Combine events from all PSF event | ¢ ooy i precneaosis
. . . n n u = 22° 3FGL 6,4 544 ' 5 —22° 3FGL 13646, 1
classes into a joint likelihood fit to avoid . J“f"ﬁ“"s , 3 ooyl

'

—

loss in effective area. 24 . =0
+3FGLJ0626?)-93B o +3FGLJ0626 0-5436
 Results in another ~10-20% gain in a6
point-source sensitivity. 265° 2%0° 255 265" 2%0°
GLON GLON
T T TTTI T T TTTTT T T TTTTI T T TTTTT T T 1T I I - L L L ] ‘: : : : : L]
- | | I I - 0.090.120.150.180.210.240.270.300.3: 0.1 02 03 04 05 06 07 0.8
: P8_SOURCE_V4 : Counts Counts
—=— PSF class 0 (on-axis 68%) log,,(E/MeV) = [3.250 3.500] log,,(E/MeV) = [3.250 3.500]

—e— PSF class 1. (on-axis 68%)

—_
o

3FGL J0706 B JO7( 3FGL J0706.2.383b J07(
1oL 1705ggEea | W oI5
+

+

—— PSF class 3 (on-axis 68%)

3FGL J0652.0-4 3FGL J0652.0-4
+ ks

3FGL J0647.0-5134 3FGL J0647.0-5134
+ - < -

Containment radius [°]

_ —_ ’ AY a0o £

1E = 3FGL 0646 etz (39s 1 3FGL o5 oA
- _— . + \ s 7 * + -~
- : 6&* +3FGLJ0626 0-5436 +3FGLJ0626 0-5436

1 \\((\\(\

10 :_ ?(e = Fne D
- - 265° 260° 255° 265° 260 ° 255 °
C o GLON GLON
B N 1 1 1 1 1 L I ] 1 1 L 1 1 : I
e e S — Lol E— 0.150.300.45 0.60 0.75 0.90 1.05 1.20 1.35 03 06 09 1.2 15 1.8 2.1 24
1 02 1 03 1 04 1 05 Counts Counts

Energy [MeV]
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< ermi Pass 8 Expected Sensitivity

Fermi-LAT Pass 8 Dwarfs Composite 95% C.L. Upper Limit

1072 ¢ :
| -- Median Expected . . ]
68% Containment Prelimina ry |
10-22 95% Containment |
-23
10°° 7
! ’,/’.
/”
— ’I
— -~
w 107 7 i
o i ’/' 1
= -~
) g
-
- ,/
& 107F e ;
— Thermal Re I ect ,"’
———————————————————————————————— = —/———————————-——-——————-———————-——-—--—<
1020 | = :
10727 ;
10-28 . e . | . | . e
10° 10? 102 10° 104
Mass (GeV)
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A~
s, ermi Pass 8 Constraints

Gamma ray

/‘ Space Tele scope

02! Fermi-LAT Pass 8 Dwarfs Composite 95% C.L. Upper Limit

[|— Ackermann+ 2014 Dwarfs
|| == Observed Limit

|| --- Median Expected

68% Containment

Preliminary -

95% Containment

(ov) (em® s

1077 | .

10-28 . i) A PR W WA | . AR | . e
10° 10° 102 10° 10*
Mass (GeV)

Alex Drlica-Wagner | Fermilab
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o
ESermil

Gamma-ray
pi

/ Space Telescope

10 ¢ ——— ——— ' ™ ' ]
= Fermi-LAT Pass 8 Dwarfs (95% C.L.) Prelim | nar
| ==+ Ackermann+ 2012 MW Halo (3 o) y |
-|[— Ackermann+ 2014 Dwarfs (95% C.L.)
| —— Calore+ 2014 (2 o)

L[—— Daylan+ 2014 (2 o)
—— Abazajian+ 2014 (1 o)
102 | Gordon & Macias 2013 (2 o)
‘TU)
= | _Thermal Relic Cross Section == __o"Needl oo’
(]
&

0% - :

bb

10727 ! |

Mass (GeV)
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{ov) (em® s71)

107% ¢

102}

1072 |

1027 |

Galactic Center Comparison

[| === Fermi-LAT Pass 8 Dwarfs (95% C.L.)
|- Ackermann+ 2012 MW Halo (3 o)
[|[— Ackermann+ 2014 Dwarfs (95% C.L.)
|| — Calore+ 2014 (2 o)

— Daylan+ 2014 (2 o)

H—— Abazajian+ 2014 (1 o)

Thermal Relic Cross Section

Preliminary |

-
-
-

Mass (GeV)
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/ . .
@, eyl Galactic Center Comparison

Gamma-ay
Space Telescope

Area Excluded
by New Data

Dark Matter Models

Particle Cross Section

Particle Mass

Kevork Abazajian “kevaba - Oct 25
@QuantaMagazine @nattyover | corrected the figure for the article to reflect the
approx. halo density uncert to 20

1

Alex Drlica-Wagner | Fermilab 39



Other Targets

40
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A Other Targets: The LMC

/S Tane
e The Large Magellanic Cloud
(LMC) is the largest Milky Way

satellite galaxy.

 Expected to be the second
brightest dark matter signal
region (after the Galactic Center)

 Dwarf irregular galaxy
— Active star formation
— Cosmic-ray acceleration
— Plentiful gas and dust

e The LMC is a strong, spatially
extended gamma-ray source

e Control for systematic by using
regions around the LMC as a
“side-band”

Alex Drlica-Wagner | Fermilab
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‘0

s, eyl Other Targets: The LMC

Gamma ray
' S;‘).‘u't" Tt"lr.‘*-'.a't.’.-p?
-28.0° -28.0° 20
18
-30.0° -30.0° 16
114
] ()]
g g 12
-jg -32.0° @ -jg -32.0°
— =R
S 3 O
© O 5
©
g 34.0° S -34.0° 18
O @)
§)
-36.0° -36.0° 4
2
| » ,

285.0° 282.0° 279.0° 276.0°
Galactic Longitude

7282.0°  279.0°  276.0°

Galactic Longitude

7285.0°

(Buckley et al. 2015)
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A~
s, ermi Other Targets: The LMC

Clar"r‘na ray
/ S;‘).‘i(t" Tt"|c"-’.i‘0]‘.-:'4
10'24_ —— - - —————————
| = LMC (95% CL) (this work) Abazajian+ 2014 (10)
: - Ackermann+ 2014 Dwarfs (95% CL) - Calore+ 2014 (20)
|| =— Prelim. Pass 8 Dwarfs (95% CL) Daylan+ 2014 (20) |
| = Ackermann+ 2012 MW (30) Gordan & Macias 2013 (20) | |
(Buckley et al. 2015)
VR
™
| -
0 10 25 !
coS
)
N—"
e N D i A (R
>
o
~—
10726 |
- “gamma rays of a few hundred MeV
/ to a few GeV are the generic expectation
e of both dark matter annihilation and a
i wide variety of baryonic backgrounds”
. ol . . . . . . . ol
10 10°

Mass (GeV)
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A Other Targets: The Smith Cloud

Gd’" ma-ray

pace Tele scope

e The Smith Cloud is one of the best

—10° = | 5]
characterized HVCs (e.g., Lockman et al. | 2 72 .
2008) —12°f= i
L N i!;" :
e The Smith Cloud resides at a heliocentric ;;_M :
distance of 12.4 +/- 1.3 kpc (nearest dwarf E el » » ’} . i)
galaxy at 23 kpc). e © P BN
g il 'J- | | 1.5
e The 3D trajectory of the Smith Cloud —20° / 4 F 4
suggests that it passed through the iy [Lockman et al. (zo08) | S
Galactic disk ~70 Myr ago. 2% e A . 1 | [

50¢ 48° 46° 44° 47° 40° 3g° 36°
GALACTIC Longitude

e The gaseous component of the cloud has a
weak self-gravity and ram pressure forces
would dissipate the cloud during a passage w150y
through the Galactic disk. o X

I Nichols & Bland-Hawthorn (2009) I

 This suggests that the Smith Cloud may be &
bound by a dark matter halo with tidal
mass ~108 Mo (Nichols & Bland-Hawthorn,

2009). H e

Alex Drlica-Wagner | Fermilab 44




@b v Other Targets: The Smith Cloud

Cidr"ma ray
/ Space Tele-’.ro;w
1021 ¢ .
: M Smith (NFW) |3
Smith Cloud H  Smith (Burkert) |
I—V—|\ " Smith (Einasto) |
10202_ - |'§'| Dwarft Galaxies |
ulo I
i
S
P
9 1019 1 -
e 2
T Ultra-Faint _
10t Dwarf Galaxies _}_ﬁ ]
1017 1 |
10! 102
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45° 40° 35° 45° 40° 35° 45° 40° 35°
z l l
e 5-year binned likelihood analysis from 500 MeV to 500 GeV over a 15°x15" ROI

surrounding the Smith Cloud (P7REP_CLEAN_V15).

 Likelihood model includes 2FGL sources, the custom diffuse Galactic
foregrounds, and a local isotropic component modeled with a broken power-law.

e Set bin-by-bin limits on the gamma-ray flux from the Smith Cloud using a spatially-
extended model of the dark matter annihilation signal.

 No significant excess found for any of the spatial or spectral models tested
(maximum TS =4.7)
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F|— b

10722 = whp~

Annihilation

Channel

NFW |

mpwm (GGV)

Alex Drlica-Wagner | Fermilab

Other Targets: The Smith Cloud

[— NFw
[ | == Burkert

=== FEinasto

Dark Matter
Profile
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The number of known dwarfs doubled
due to SDSS.

— SDSS only covers ~25% of the sky
— SDSS has a magnitude limit of ~22

New wide-field surveys plan to greatly
expand our coverage:

— Pan-STARRS:
~75% of the sky from the north

— Southern Sky Survey:
~75% of the sky from the south

— DES:
~5000 deg? in the south (deeper)

— LSST:
~50% of the sky (much deeper)

Eventually hope to be complete for all
bound satellite galaxies (L > 102 L)

Simulations predict hundreds of Milky
Way satellite galaxies may be found
(Tollerud et al., 2008; Hargis et al., 2014)

Alex Drlica-Wagner | Fermilab

5 ermi Other Targets: New Dwarf Galaxies

Cvn IT§ ®Com
CVnl © Boo 1 Leo I1@®
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‘Leo v .Seg Il
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Globular Cluster 47 Tuc (DES Collaboration) 49




Vel
s, ermi Other Targets: New Dwarf Galaxies
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Galactic
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Gamma-ray

/’ Space Telescope

* Project that DES will find 20 additional
dwarf galaxies.

 Assume that the characteristics of these
new galaxies are similar to those
recently discovered by SDSS.

— High Galactic latitude
— Comparable J-factors and uncertainties

e Combine additional dwarfs with
continued LAT operations.

— 10 years of LAT data taking
— Current instrument performance

 EXxpect sensitivity to the thermal relic
cross section for dark matter particles
with masses ~350 GeV

 LSST may find > 100 dwarf galaxies

Alex Drlica-Wagner | Fermilab
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Other Targets: New Dwarf Galaxies

Pre-Pass 8 Simulations

10~
F| —- Median Expected
[| B 68% Containment
i 95% Containment
10724 H | 10 Years of LAT Data
F| — Calore+ 2014 (2 o) 20 DES Dwarfs
— Daylan+ 2014 (2 o)
——  Abazajian+ 2014 (1 o)

10725 F i
10726 E
i 10 Years of LAT Data
I 120 Dwarfs with LSST

10727k E
F 10 Year Observation ]
” - 35 Dwarf Galazies ADW Thesis, 2013  bb ]
10— " " —— ] el " —a " " e
100 101 102 103 104
Mass (GeV)
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Gamma ray
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Summary
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Summary

Indirect detection is a powerful and complementary
technique in the search for dark matter.

The Fermi-LAT has unprecedented sensitivity in this field
and is operating exceptionally well (Pass 8 public data
release scheduled for the end of March).

The Galactic Center has the largest expected dark matter
signal, but is a complex region dominated by systematic
uncertainties.

The Galactic Center excess emission is intriguing, but
requires confirmation in cleaner target regions.

Milky Way dwarf satellite galaxies are pristine laboratories
for dark matter searches.

The discovery of new dwarf galaxies will increase the
sensitivity of indirect dark matter searches
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Gamma-ray Source ldentification

Energy Source The gamma-ray sky is a crowded
Explosion and exciting place
Rotation
Accretion Non-thermal emission often leaves
tracers at other wavelengths

Accelerator
Shocks Correlated Variability: Coincident
Magnetic reconnection flux variations across wavelengths
etc.

Timing: Periodicity of pulsars
Target Material @ == 0 ;e miiieadddaaaaa - :
Gas & Dust ] Spatlal Morphology: Spatially :
Photon Fields + extended sources
etc. ettt e eeee e,

: Spatial Coincidence: Source :

: localization

: Spectral continuity: Look at
Gamma-rays : bounding energy regimes

Combination of data across

multiple instruments is essential
Alex Drlica-Wagner | Fermilab 56
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s, o Fermi-LAT Performance

Gamma-ray

/I Spaw Teleacope
'

All-Sky Coverage

Effective Area
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Dark Matter Distribution

[ aw [ Fetende.s)  Electrons
Extragalactic background: { 7 A8(¢,0) los

. and
eLarge statistics

. Dwarf Galaxies: Positrons
eLarge astrophysical - , . -
contribution eKnown location and
dark matter content
Low-Mass Satellites: JelLow statistics

e Gamma-ray source . |
eUnknown origin = - Galaxy clusters:

ePossibly large statistics

VI AAVEVALE e Astrophysical signal
eLarge statistics . : expected

e Diffuse background x . /

\ Spectral lines:

e‘“Clean” from
astrophysics
eLow statistics

The Sun \ eLarge background

Galactic Center: .
eLarge statistics
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Dark Matter Distribution

[ aw [ Fetende.s)  Electrons
Extragalactic background: { 7 A8(¢,0) los

. and
eLarge statistics

: Dwarf Galaxies: Positrons
eLarge astrophysical _
contribution e Known location and
dark matter content
Low-Mass Satellites:  eLow statistics
e Gamma-ray source \A |
eUnknown origin = . Galaxy clusters:

ePossibly large statistics

Milky Way halo: e Astrophysical signal
eLarge statistics . : expected

e Diffuse background x . /

\ Spectral lines:

e“Clean” from
astrophysics

eLow statistics

The Sun \ eLarge background

Galactic Center: .-
eLarge statistics
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@, i Case for the Fermi-LAT

Gamma ray
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Weekes et al. (2002)
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S Case for the Fermi-LAT

Gamma ray

U B TUV7-F - LA | 'jlYl’_TT L L] L VITWIr

Weekes et al. (2002)
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Fermi Large Area Telescope 2FGL catalog

~ AGN “ AGN-Blazar © Galaxy * Starburst Galaxy
- AGN-Non Blazar ey

R ~ 7 Radio Galaxy * Seyfert Galaxy

‘e oo ** o.. :.. ooo . : s : “-.'..b" T B ..”.' " ‘ e ‘e 2 v Nova
e o . \ .” . ity W E 3
e e ! X s o ‘ PSR PWN
Unassociated - PSR w/iPWN SNR
O Possible Association with SNR and PWN Globular Cluster HMB

Credit: Fermi Large Area Telescope Collaboration



s, ey Search Strategies
Gamma ay
’/' Space Telescope

1. Where is the dark matter? Via Lactea Il Milky Way Size Halo

2. Center of large gravitational
potentials (e.g., galaxy clusters,
galaxies)

1. Large signal
2. Known location

3.Large astrophysical
backgrounds

3. Local over-densities associated
with the Milky Way

5. Concentrated
6. Nearby
7. Low background

Diemand et al., 2008
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7~
< gmi AStrophysical Gamma-ray Production

Gamma ray

/V Spaa‘ Teleacope

T s
S .4'_.-‘

~ralk s

T113DdDVANG

Energy Source Accelerator Production Mechanism

Foreground Absorption Gamma Rays
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< gmi AStrophysical Gamma-ray Production

G dmma-ray

/ S;‘).‘u't" Tt"lr.‘*-'.a't.’.-p?

Astrophysical gamma-ray
emission often produces radiation
at other (radio, infrared, optical, X-
ray, etc.) wavelengths.

Sources

Ener

Identification of gamma-ray
sources is a complicated
task involving the
combined effort of many
experiments.

y-ray Emission Mechanisms
o

electron ~

~

e - ~
)
+ magnetic field
proton
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s crml Background Rejection

Gd""'T’m ray
/‘ Space Tele -'..;'(.-p:"
= 10°
- - = ='=: Secondary p | | |
=, 10° =" -+ Secondary € 4+ €~ - -~ - - oo - T ——— .
an === Neutrons | | |

10y = == Atmosphericyraysr -~ - -~~~ --"fF -~~~ N o S
S = = = EGBintensity | | >5 Orders of Magnitude [=—=—
s LN peplt i 2 el b . il -E
IR ol s e e ———— S RPN LT e, TP R e ] . ——— Primaryp _____
O ! ‘Nuclei (Z > 1)
% e - I —:F-’rimawe+ +0 - -
X |
LT [ ™ e e =74 pual S o A% Il B A -~ Diffuse Gamma-ray

~=X----] Background
10° 10°

Reconstructed energy [MeV]
 The LAT is designed to track charged particles
« Cosmic-ray background rejection is one of the most difficult tasks

 Multi-stage background rejection developed on Monte Carlo
— Classic cuts based analyses utilizing the ACD and other subsystems
— Multivariate event classification through machine learning

 Harsh background rejection cuts must be validated on data

Alex Drlica-Wagner | Fermilab
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s, ermi Searching for Spectral Lines
o SGJTI ;
+ Annihilation into yy or 1X (X = 22, HY, ... L .
will produce a distinct spectral
feature |
— Clean signal O S v
— Low statistics
351 Signal counts: 46.1 (4.360)  80.5- 210.1 GeV |

30 | p-value=0.37, x_2, =23.6/22

 No significant lines in 2 years of \Weniger (2012) \

data including the Galactic center . ;
and Galactic halo (Ackermann et al. j i
2012) ol

* With ~4 years of public data external _ | ...

authors report a >40 (local) spectral ; tof I | Il | I
feature at ~130 GeV (Weniger 2012) . o g--I---}-I-I-I-II-I---I}I-I---II-I-}:-H-I-H-;
100 E[Gev] 150 200
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s, ermi Optimized Regions of Interest (ROls)

3.7 year Counts Map

Counts / 1.00 °°

R3 (contracted NFW, no src masking) R90 (Isothermal)
R16 (Einasto) R180 (DM Decay)
R41 (NFW)
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s P Line Search Results

Gamma ray

/’ Space Telescope

= 26
SQ\Oba‘

E,=135 GeV
Siocal = 3-20
Sgiobal = 1.50
f=0.58

v YEI R R ] Much larger than

V@ R ’ l R i systematic level

o

E,= 6 GeV
Siocal = 3.1¢ 4.5
Sglobal =1.4¢

f=0.01
At systematic level

———————————————————— - ————— - ——

10 10°
* No globally significant lines found

E, (GeV)
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o | |
A 95% CL <ov> Upper Limits
; Gamma!a)'
/ Space Telescope
\ "7\10_25 1 1 llll 1 1 1 1 1 llll l 1 "'_'\10_25|__l 1 1 lll 1 1 1 1 1 llll 1 1
[ w = N
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= . sl - Expected Limit _ = 1n®L Expected Limit
I= 10 [ Expected 68% Containment = 107E" [ Expected 68% Containment
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- —J — — C. Weniger JCAP (2012)
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s P Width of 133 GeV Feature
Gamma-ray
/. e Jeeone > 70 ot L DL L | | | | ]
QO . = -
S sok E, =133.0 GeV =
8 5oH Ngg = 16.3 evts n, = 277.7 evts —§
& 30F =
> — -
20 o E
10F- : E
0 — | | | | .‘. 1:‘.’ : ' — - - - .
@ 4 [ T T
S 4ol 44 +
8 0 - l -?- F _+_ % ‘+'_+_+ %
Y -2
A
60 80 100 120 140 160 180 200 220

Energy (GeV)

 Let width scale factor float in fit (while preserving shape)
e 5. =0.32722(95%CL) ATS =9.4

o Feature is significantly narrower than expected energy resolution (s_=1)
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s v Earth Limb Control Sample

Gamma ray

/ Space Telescope

Boresight

Earth Limb is a bright, well
understood source

— v rays from cosmic-ray
interactions in the atmosphere

— Expect a smooth power-law

— Can be used to study
instrumental effects

Line-like feature at at 133 GeV in the

108

| Fit to Limb data 70 [Ny = 3271 oVE | limb spectrum (2.0 local)
| 5.25 | 2230 a 1 — Surprising since limb should be
o | S | smooth (no dark matter)
% E=134.860 QeV . — | 151(\) = o 2(1)1_1 | — SINlimb ~14%, while S/NR3~ 61%
= j f=—3226?2i010(95m) - Limb feature not large enough
e : to explain all the GC signal
| 111° <0, < 113 ° 1@ |
| |Rocking Angle| > 52 °
10° l |
Sl i ieaat by P TR
I s s & R S S X B e o
= -3 510 ldD 1510 2&)

Energy (GeV) 73
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s, T 133 GeV Feature in 5.2 year dataset

Gar"ma ray

/ Space Tf‘le-‘.ro;‘;::

« Since spring 2012, the significance of the feature has declined
— More “background-like”

7 | ..' | A
o 6l P7CLEAN V6, Reg3 | signal-like ]
)
8 o 7
© SF P :
o | eI e R
= e T
C [ — —— — —
A=) o D S 2 R S U LT
m B
-O = ~ ]
Q 3 ; ~ <
+-) [ . —
© -, -
> 2H/ . el -
E | , _
> background-like
O 1t ]
o .
<

O“ / 1.’. | | | | |

0 10 20 30 40 50 60 70 80
Time [months]
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http://fermi.gsfc.nasa.gov/ssc/proposals/alt_obs/white_papers_eval.html
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prin pc GeV/cm®

”

s, v Region of Interest (ROI) Optimization

Gamma-ray
Space Telescope

Many have shown ROI optimization importance in
line searches

— e.g. C. Weniger JCAP 1208 (2012) 007
Find R that optimizes sig/sqrt(bkg)
— ROI choices made a priori using MC
— sig from J factor in that ROI
— bkg from MC simulation of galactic diffuse model
http://fermi.gsfc.nasa.gov/ssc/data/access/lat/Model_details/
Pass7_galactic.html
Search in 5 ROIs
— RO (12°x10° GC box)
— R16 (Einasto Optimized} R90 (Isothermal Optimized)
— R41 (NFW Optimized) - R180 (2 year Analysis ROl)
10° ———Moore— '
104: NFW |
-l |
il Einasto, & = 0.17 5 g" :
10~ 3 § 3 !
o S 8 1]
10" T Ll E]
i “ Lﬁ'
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107° 107 102 1 10° 10*

. Bertone et al. 2009
rinpc
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CHA—— The Fermi LAT Line Search
Gar'*ma'a','
/' Space Telescope
« 2 year analysis accepted for publication in PRD 5000 e Ol T &
. - ~ |[Fa=A. 18.75 F \ i
— Current analysis uses similar method 4000 5 125 PUR -
: . : 625 [B = 248:8%evts (1.240) N
* 4 year analysis nearing completion 3000 0% 6 7 5 9 -

— Use Reprocessed “Pass 7 Clean” data 2000 1 2/dof=0.79
* Low cosmic-ray contamination fit prob.=0.81

* Reprocessing shifts energy scale by 1-4% to account } _{l\;itEQQQ?;gé)th(bSM
for expected accumulation of radiation damage to 0 t =
calorimeter

— Plan to submit paper to PRD end of December
2012

« Search for lines from 5 to 300 GeV

Entries/bin

— Maximum Likelihood Fit .
_ Use sliding +66¢ windows :;,, 107 U Ackermann of al.
— Fit for energies in o steps g ' BRD (zaFel?lggnz:ngT()zmz)

. Perfor:m finer 0.56¢ scan near significant III i I arXiv:1205.2729

energies @) I
— Model bkg as single powerlaw %o 10°9F ! 1 ! ! ! ' ! ! ¢
_ Ty and £, free in fit e ? ! 11
s 1

0 50 100 150 200
E; (GeV)
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S, ) 77LL0

Gamma-ray

/ S;‘J.‘i(t“ Tf"f“'-i'(.ll\.‘?

« Use full detector simulation to get Fermi LAT

energy dispersion

* Previously modeled line with a triple
gaussian fit (“1D PDF”)

Improved Model for LAT Response to a Line

« This analysis adds a 2"? dimension to line

model: Pg

— Pg is the probability that measured energy is true

energy

« Labeled “CTBBestEnergyProb” in our extended

data

Entries/Bin

' ' ' ' ' M. Ackermann et al.
(FERMI-LAT)
[ E,= 100 GeV PRD 86, 022002 (2012)
\2/dof = 32.9/32 arXiv:1205.2729
- p-value=0.43 .
Containment windows
| 68% = (-0,086,0.081) 1D PDF |
95% = (-0,311,0,188) PN
bias = 0.013 ;N
i ) \ i
r ‘\
i ’/f RN _
, ! \ ~
4 ! \ \

~0.5 0.4 0.3 0.2 0.1 0.0

(Ep — E)/Ey

0.] 0.2 0.3 0.4

— “2D PDF” (a function of both energy and Pg)

« Break Line into 10 P slices and do triple
gaussian fit in each slice separately
— Fit explicitly at 9 energies and interpolate

parameters in each slice to produce lines at other

energies

e Including Pg — ~15% improvement to signal
sensitivity (when there is signal) and counts

upper limit (when there is no signal)

100 GeV Line Model

IIIIIIIIllIII[lIIlllllllllll
S
: A
v
A
-




/0
s ami  Spectral Line 95% CL Flux Upper Limit R16

* No globally significant lines found
— Most significant fit was in R0 at 5 GeV, ~26 (3.76 local)

. 4yearrts
10‘3 _—,,,222522IZIIIEI22ZZIgIIIZZEZIZI%IZII?ZZIIZZIIRZ'Z..e.l:lmilna;'?ZyZIZZZIEIZIZIIZII R —— Expected Limit
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I = N 70— ———— Observed Limit
ULV o S S N Expected 68% Containment

- Expected 95% Containment
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AN : 5 5 Expected limits calculated from
...... il NG N e I oo powerlaw-only pseudo-experiments

—
L=
®

Flux 95% CL Limit (cm™s")

10™°

Line Energy (GeV)
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@ omi OpPatial Morphology of Features in Galactic Plane

* Fitin 4°x4° ROIls along the Galactic plane in 1 ° steps
— Fit with “1D PDF”
* To find where the counts are coming from
« Allowed for negative fluctuations
* Find excess near ~135 GeV near GC
— But find similar features at other energies along the GP
— Some indication the 135 feature not smooth, but 2-3 smaller “hot spots”
— Excess near 135 GeV is one of the largest and near GC, but is not otherwise unique

Fits at 93 GeV
= 45 5 "
e 225 —~
0 0 (_D
2.25 Lg
4530 S
; [ =5
Fits at 136 GeV Q
o= 45 5 2
| 225 . 8
of— Prelimin o~
«2.25 | -

-L 5

“4-539;



Dips in efficiency below and above 135 GeV
— Appear to be related to CAL-TKR agreement
— Could be artificially sculpting the energy spectrum,,

~

@55 ermil

Gamma-ray

Energy [MeV]

v Space Telescope
P7Transient to P7Clean Efficiency
g Pre"'mina'ry = 1+ Need to cut on times when the LAT was
g [ 1 pointing at the limb
" 0.8;—+¢+ +++ | ++ | . T ‘ | "=  Have made changes to increase our Limb datase
ool ++ + +T T+ 1 — Pole-pointed observations each week
- + - — Extended “targets of opportunity”
ME_ Points: Flight Data _ » Trace limb while target is occulted
o2~ Curve: MC -

v 220 . —]
S = : —— P7TRANSIENT | 3
» 200 2 === Limb Signal —
T 180 = Limb Sideband | —
o = 7CLEAN 3
O 160 3
140 3
100 3
80— —
60 : —
40F —
201~ B —

00 =05 0 “115 120 125
0, [°]
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s ormi Modified Observing Strategy

Ga

> Space Telescope
* More information can be found on the FSSC:
http://fermi.gsfc.nasa.gov/ssc/proposals/alt_obs/obs _modes.htmi

 Panel discussed white paper proposals July 25t and recommended a
switch to “option 4 or similar” around December 2013.

— Option 4 points to keep the GC in the field of view, while still providing relatively
uniform all-sky coverage

— Started modified observing early December 2013

Survey Mode Modified Strategy

02 0.4 0.6 0.8 1 12 1.4 1.6 1.8 2 22

Exposure Maps
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s, i Dark Matter Subhalos

Gd"' ma-ray

- Space Tt"l'."-'.'.'l.’lr.:"

e Simulations predict that Galactic dark
matter halo populated by numerous
subhalos

— Largest subhalos contain satellite galaxies

— Smaller subhalos have no tracer in other
wavelengths

These subhalos may emit gamma-rays
through dark matter annihilation

These source would populate the gamma-
ray sky and lack astrophysical associations

Look at unassociated sources:

— ~600 unassociated sources in the LAT
catalog (most near Galactic plane)

— Associations made through:
 Multiwavelength observations
e Searches for periodicity
e Correlated variability
* etc.
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s, Pl Unassociated Subhalos

Gasriasay ApJ 747, 121; arXiv:1201.2691

/ Space Telescope
 Are dwarf galaxies the best component of substructure for dark matter detection?

« Some substructure could be more detectable than the dwarf galaxies...

 But we don’t know exactly where to look...

Via Lactea 11
"~ Subhalos

10° gy

Extrapolation
to Low-Mass

>/ 7 EAAN - ) 7 ‘ ( y 1

S J > 2 SOOI / L . v .

b - s s S S 7 g ! > V) S/ 3 " ! o ) ‘

i _2 (P 4 s Soac AR . .
. £ fotn L/ P > = VS A A ' - / . —
ubhalos & 10 7 R g AR i . |
;. S | 2 o A . , . 3
T s g s 1 AN '/ 49 g g v -
N A /, s / A 7 /, : IR . . -

. A& / / 18 s .

Distance (kpc)

. VLIT Satellites
[ Extended Satellites
- | —— Mpraco = 10% M.,
—2 1 -2 l' | l. | l— | . l— | \ J( l'
D 10Y 10! 10 107 107 10? 100 107 10°% 10" 109 10"
Mass (M)

.........................................

o
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s

s, Pl Unassociated Subhalos
Gasriasay ApJ 747, 121; arXiv:1201.2691
/ Space Telescope

« Examine unassociated, high-latitude sources in First LAT Catalog.
e Search for non-power-law sources with that may have been missed.

 Test for spatial extension and spectral shape with 99% confidence.

Spectral Index Flux TS?® g 05F = -

ext spec

(phem—2s71)

0.9 20x10710 618 238 o=
0.9 80x 1071 78T 246 M

= 231 unassociated 1FGL sources m "
o 154 non-1FGL source candidates .

* 10 representative models i

—— . . . ——
1077 10~%
Flux (ph cm™2 s71)
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/”
@, i Two Extended Source Candidates

Gacamaray ApJ 747, 121; arXiv:1201.2691

/ Space Telescope

Radio Source 1D [, b Flux ag TS TS

ext spec
pulsa. (deg) (107 phem—2s~1)  (deg)
IFGL J1302.3—3255 305.58, 29.90 2.46 £0.42 1.2 9.3 4.6

e L GL J2325.8—4043 349.83, -67.74 2.56 £0.39 1.3 13.2 -19.1

; ‘
A‘gN e Two candidate extended sources

— 1FGL J1302.3-3255 subsequently associated with a radio pulsar

— 1FGL J2325.8-4043 does not pass the spectral selection and is resolved
as two sources in 2FGL (high probability of AGN association)

* Neither source satisfies our criteria for a dark matter satellite candidate.

NO VALID CANDIDATES IN 1 YEAR OF DATA
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A~
s ey Unassociated Subhalos Summary

T ApJ 747, 121; arXiv:1201.2691
/’ Space Telescope
e Use N-body simulations to determine the
probability of having no subhalos pass
selection criteria as a function ofov)

. Two-Y D f 1 P
Prob(Don’t Detect Simulated Satellite 7) 1079 . 0. ?ar. War Ga ax.y a.lpe.r Y
. B o =
' 1072° =+ Carina — Sculptor = Ursa Minor
[ - Coma Berenices = Segue 1 === |oint Likelihood, 10 dSphs
(Pon)=T1(1 - siov))
j 5
Y 5
Prob(Don’t Detect Any Satellites in Simulation) §
S
—24 3 —1
(ov) ~2x 107“% cm® s
« What would an interesting signal look like?

B} i . WIMP mass [GeV]
 Multiple unassociated sources sharing a

common hard spectral feature

e Optical follow up of an unusual
unassociated source reveals a new ultra-
faint dwarf.
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~
S Search for Unassociated Satellites

Gamma-ray

/ Space Telesc ope

1074 g ——— ] - —— ]
__10%F ;
£ o .
2 103 ]
B I ]
£ 107
8 t ]
21077 3
0'0 E LI ll T L] L) L] LI ll L) T L) L] L ll L) :ZJ : :
0.5 . \:“ 1077 E
. a o -| —— Pulsar spectrum -
.‘k A 10-7F N
1.0F A k ’ F| ———- bb spectrum N
¥, | |
g 10r 104
= 201 L Energy (MeV)
§ 25 .} . - Figure 3. Best-fit exponentially cutoff power law (with I'= 1.22 and Ey, =
% - a 1.8 GeV) of the millisecond pulsar IFGL J0030+0451 (solid line) and the best-fit
30 w231 unassociated 1FGL sources e "t Ty ] bb spectrum (with Myvp = 25 GeV) of this pulsar (dashed line).
35 4 154 non-1IFGL source candidates .
40H * 193 spurious sources J

() W s
T

Entries / bin

[e—
1

il A N : AT L : 5F -
10—10 10-9 10—1'-'\
Flux (ph em~%s1) N .
Figure 5. Distribution of spectral indices and integral fluxes from 200 MeV to .
300 GeV for the 385 high-latitude unassociated sources and source candidates. i
The squares are the 231 unassociated sources from the IFGL catalog, while the . 7
triangles are the 154 additional source candidates detected with Sourcelike. '
The circles are the 193 spurious sources found in a Monte Carlo simulation of = -
background only. I |
0 I

0 40 5 70
M\mm (GeV)

Figure 4. Best-fit dark matter mass (Mwvp) coming from fitting 25 high-
Alex Drlica-Wagner | Fermilab latitude (|b| > 20°) pulsars with a bb annihilation spectrum.
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Back-up Slides:
Dwarf Analysis
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/’ Space Telescope

g

Gamma-ray

If this is a signal, the gamma-ray flux

Contributions to Combined Analysis

should be correlated with the dark matter

content.

Sensitivity of the combined analysis
dominated by dwarfs with the largest

J-factors: Coma Berenices, Draco, Segue

1, Ursa Major I, Ursa Minor, Willman 1

Largest gamma-ray excesses associated
with ultra-faint dwarfs: Seque 1, Ursa
Major II, Willman 1

However, comparable excesses
associated with low J-factor dwarfs:
Hercules, Sculptor, Canes Venatici ll

Additionally, no excess coincident with
large J-factor dwarfs: Coma Berenices,
Draco, Ursa Minor

10722 H

—

|
w

Ei 10_245

=
S

]

107}

No significant correlation between J-factor

and gamma-ray signal strength

Removing ultra-faint dwarfs changes limit

by 20% at low mass and 2x at high mass

Alex Drlica-Wagner | Fermilab

Remove Segue 1, Ursa
Major Il, and Willman 1

F T
F|=——Observe d Limit

[| —- Median Expected
| 68% Containment
95% Containment

102 103

mpwm (GGV)

10

Ackermann et al. PRD 89 042001 (2014) 91
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Gamma-ray

/’ Space Telescope

Energy Flux (MeV ecm™2s71)

Constraints on the
gamma-ray flux in
each energy bin

10°

Alex Drlica-Wagner | Fermilab

Differential Sensitivity

Range expected from
statistical fluctuations

(1000 simulations)

10*
Energy (MeV)

== Observed Limit

= = Median Expected
I 68% Containment
[ 95% Containment

10°

Ackermann et al. PRD 89 042001 (2014)
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Energy Flux (MeVcm2s71)
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S ermil
Gamma-ray
pace |elescope

Individual Dwarf Galaxies

1075 Fomor 1™

1076 F

1077 E
E 3

= Bootes Il

v

= Bootes III

+ Canes Venatici I T = Canes Venat

ici IT

106 |

107

10=° e Canis Major

aay LA
=+ Carina
A

-+
Coma Berenices

=+ Draco
A

Fornax

10~ 5 E Hercules

1075 |

1077

¥

10_5 3 Pisces 11

T| PR R ]

h | N L
= Sagittarius

= Sculptor

v

10_5 E Sextans

1076 F

= Ursa Major I

Ursa Major II

Ursa Minor

Willman 1

103

104

10°

103 104
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10°

103

Energy (MeV)

104 10°

103

104 10° 103 104 10°

Ackermann et al. PRD 89 042001 (2014)
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/’ Space Telescope
* Dwarf dark matter content estimated from the [ b d TggU) o
line-of-sight velocities of member stars (e.g. Name 1 ‘“dcg“’“"”’d“g‘“i’ o) "‘°g‘_‘;[;’°v' ""’3’]) Reference
. Bootes 35808 69.62 60 17. 0.34 [ 1]
Martinez et al. 2009) Carina 260.11 —22.22 101 18.0 013 [2]
Coma Berenices 24]1.9 836 44 19.0 0.37 [ 3]
Draco 8637 3472 80 18.8 0.13 [2]
e Mass within half-light radius of each dwarf is Fornax 2371 —657 138 177 023 [2]
. ] Sculptor 287.15 —83.16 80 184 0.13 [2]
largely independent of assumptions on the Segue 1 04 5042 23 196 053 [4]
cored or cuspy nature of the inner profile Sextans 434 422 86 178 023 [2]

Ursa Major 11 15246 37.44 32 19.6 0.40 [3]
Ursa Minor 1495 4480 66 18.5 0.18 [2]

e Calculate the total integrated J-factor within a

[1] S.E. Koposov et al., Astrophys. J. 736, 146 (2011).
cone with angular radius of 0.5 degrees [2] M.G. Walker et al., Astrophys. J. 704, 1274 (2009).
- . . [3] J.D. Simon and M. Geha, Astrophys. J. 670, 313 (2007).
(~ comparable to dwarf half-light radius) (4] J.D. Simon ef al., Astrophys. J. 733, 46 (2011).
[ Draco
[ Segue 1
 The posterior distribution and likelihood . G. Martinez
. . >
function for J are well described by a log- z
normal function A
>
=
« Some new ultra-faint dwarfs have the largest 2
J-factors and the largest uncertainties s
Sy
Ay
: . 18.0 18.5 19.0 195 20,0 205  21.0
Alex Drlica-Wagner | Fermilab 10g10 (Ja:O.5°) _GeV2 Cm_5]) 94




s, eyl Coverage
Gamma-ray

/ Space Telecrana

_Coverage for 100 GeV WIMP to bb

100%_. ..................................... .................................... -

95% e . — — — — — — — — — .. _____________ i — - _.é_. = o e

Coverage

Q0% T B,

85%_ ..................................... .................................... -

(ov) (em® s71)
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s, eyl Statistical Fluctuations

Gamma ray

/ Space Telescope

e The P6_V3 DIFFUSE and
P7REPCLEAN V9 differ on an
event-by-event basis 103

— Only ~70% of events above
1 GeV shared by the two event
classes

— Only ~50% of events above 10 102?"”"""""”"'(') """"""""""""""""" J “
GeV and within 0.5 deg. of the B '
dwarfs are shared by the event _ ¢ 3
classes

Event Overlap (0.5° Cumulative ROI)
o Total PPREPCLEAN V9 e Only P6 V3 DIFFUSE
e Only P7REPCLEAN V9

Counts
—_
o
—
!
—e—0—

« What accounts for this . ;
difference? | 9 s o ¢

— Pass 7 does a better job of 10°
mitigating instrumental pile-up |

— Required retraining of | Preliminary
multivariate classification

10_1 . . ol . . . .
— Results in a statistical re- 10° 10% 10°

shuffling of events Energy (MeV)

Alex Drlica-Wagner | Fermilab 96
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s i Comparison

/ Gamma-ray

Space Tel

Comparlson of bb Channel L1m1ts

1021 —
_— 4yr P7REPCLEAN V9 (ThlS work)
—— 3yr P7SOURCE _V6 (Mazziotta et al. 2012)
ool 3yr P7ZSOURCE V6 (Geringer-Sameth et al. 2011)
10" |l— 2yr P6 V3 DIFFUSE (Ackermann et al. 2011) |
--- 4yr P7CLEAN V9 Expected Median

Preliminary

10-27 — . e . e . N
10' 10° 10° 10*
Mass (GeV)
Alex Drlica-Wagner | Fermilab 97



/”
s, ermi 4-Year Pass 7 Analysis

Gamma ray

/v Space Telescope
e Joint likelihood analysis of:
— Extended time period:

| d4' Yetars t ‘oo Joint Likelihood Limits (10 dSphs)
— Improved instrument response: ] e ———
P7REPCLEAN_V9 | -
— Expanded photon energy range:  10%} IR
100 MeV - 500 GeV |
— Constrain higher WIMP masses: _ 10%}
5GeV -10 TeV T
— Same 10 dwarf galaxies E 102} R
3 T
 Model astrophysical backgrounds j0»f
based on 2 years of Pass 7 data ™
— 2FGL catalog sources 1026
(normalization free within 5°) i Preliminary
— 2-year diffuse background 1027 . .
10° 10° 10*

models (normalization free)

Mass (GeV) ﬁ

* [Include statistical uncertainties in Extended to 10 TeV

the solid-angle-integrated J-factor

10 GeV cross-over
Alex Drlica-Wagner | Fermilab 98



s, eyl Spatial Extension
Gamma-ray

/A Spauﬁ Teleacope
'

__Impact of Spatial Extension on bb Limits
[— Point-like Model

‘| === Extended Model (NFW)
- = Extended Model (Burkert)

Preliminary

10° 10° 10° 10*
Mass [GeV]
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Gamma-ay
Space Telescope

[y
o
=8

fiWénig'er' o
- @ Tempel et. al.

— —
o o
N w

—
o
[y

(ov) [ X 10%°cm?® s ]

10° 10° 10°
EY [GeV]

Geringer-Sameth & Koushiappas (2012)
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C—. Comparison with ACTs

Gamma ray
/ Space Telescope
[ — Combined Dwarfs (LAT) \\
i Segue 1 (LAT rescaled) \\
0o || 7" Segue 1 (VERITAS) AN

10 _ == @Galactic Center (H.E.S.S.) \\* ,,ig

5 . ]
1

(ov) (cm?s

10 102 10° 10*
™MpwM (GGV)
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Back-up Slides:
Future
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Gamma-ray
/ Space Telescope

v

ACD Ghost Hit
- Identify ACD tiles with ghost
energy deposits using the fast
ACD veto information.
- Can this be accomplished
without sacrificing background
rejection power?
- Needs more study

Pass 8: Ghost Busting

=

TKR Ghost Hits

- Identify ghost energy in the
TKR from TOT information and
out-of-time hits.

- Remove tagged hits before
running track finding.

- Could search for in-time hits
on ghost tracks.

>  CAL Ghost Cluster
- Identify through CAL clustering
and cluster classification.
- Work only with gamma cluster
(effectively removing ghost) or
remove ghost cluster and
combine remaining crystals.

Alex Drlica-Wagner | Fermilab

Ghost removal goes hand-in-hand
with background rejection!
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s, ermi Pass8: Improved LAT Performance

Gamma-ray

/ Space Telescope

 Improvements to the LAT instrument
performance:

— Increased energy range lgl 3_| T |||||| T 1 |||||| T T T T TTTT] T T T Irrrrr T T T
— Increased effective area = - Prellmlnary , : ; -
] — 25 P T e ey o-—0-"%~ . —

— Improved angular resolution Q n | I I ]
c - | e x 1.25 RN ]

. . © - : S : -

— Better background rejection 4% o e R T i & S B 3
= | ’ e N -

— New event classes S - ; J " S T
< 15 e ]

C J A -e- PBSOURCE prototype _

* Impacts for dark matter: S ) -=-P7SOURCEVE =
— Energy Range <==> explore new - $ >’<‘/2_3 .
high-mass parameter space 0.5/ N AR —

: : SR : (Atwood et al. 2013) .

— Effective Area <==> increased flux Co i ' ' ]
mgm - OJ_._I_ L1l 1 1 L L 11l 1 1 L1 L1l 1 1 Ll 111l 1 1 | I |
sensitivity 102 10° 10t 10° |

— Angular Resolution <==> greater Energy [MeV]

sources 5 Decades in Energy (3 TeV)

— New Event Classes <==> check
systematic effects in event selection

Alex Drlica-Wagner | Fermilab 104



A~
s, vl Improving the LAT Instrument

Gdr"ma ray

/ Space Telescope

o 180§1voravllvv']'rv1lvv'vllrvv[v"lliv"]v111[11!1[1!11-
« Event reconstruction and classification 2 1s0m —signal 3
. Q s —— Background 3
algorithms were developed pre-launch on & 140 1 )ﬂL <
Monte Carlo i | e E
: @ 100f e —
* Validate the accuracy of the Monte Carlo 5 E E
against flight data ° oF :
* Incorporate effects from the orbital 40
environment 20 E
i . . c“....l 1 N T FTETTE FETTE | T | T P P

* Identify areas in the reconstruction where o0 0 08 04 0 O T usehase

large benefits are possible Vela Pulsar
E '('b')'l""l""I'"'I""I""I""I""I" o SARAI RASRSE RARAS RARAS RARRIRASAS RARAS RARASRARAS RAREN
102 — Data — G - — Signal .
& - "# Monte Carlo 3 % - — Background
a8 - + ----- Monte Carlo (CR) ] € N
§ - +§T -----Monte Carlo (y) - 8 S
S R L T A “ :
op L RUEERR i :

- P PP P 0 P TIIY | T rreet eee  O E AT

- ' il 107 108 109 110 111 112 113 114 115 116 117

..:.|....1....|...:“i"l...1.11.J.LJ,EH':-E,1L 6.[°]
10 20 30 40 50 60 70

Transverse shower size [mm]

Earth Limb
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Figure 28. Best estimates of differential rates of residual particle backgrounds for the P7SOURCE (a), P7CLEAN (b), and P7TULTRACLEAN (c) event classes. Individual
contributions from primary CR protons, primary CR electrons, and the secondaries from CR interactions are shown; the corresponding count rates for the extragalactic

y-ray background measured by Fermi (Abdo et al. 2010e) are also overlaid for comparison.

106

Alex Drlica-Wagner | Fermilab



g

ESermit

Gamma-ray
/’ Space Telescope

v

ACD Ghost Hit
- Identify ACD tiles with ghost
energy deposits using the fast
ACD veto information.
- Can this be accomplished
without sacrificing background
rejection power?
- Needs more study

Ghost Removal

=L

TKR Ghost Hits

- Identify ghost energy in the
TKR from TOT information and
out-of-time hits.

- Remove tagged hits before
running track finding.

- Could search for in-time hits
on ghost tracks.

>  CAL Ghost Cluster
- Identify through CAL clustering
and cluster classification.
- Work only with gamma cluster
(effectively removing ghost) or
remove ghost cluster and
combine remaining crystals.

Alex Drlica-Wagner | Fermilab

Ghost removal goes hand-in-hand
with background rejection!
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Finding Satellite Galaxies

* Finding satellite galaxies has much in 0.4 .+
common with finding weak gamma-ray RIS

sources = 0.2 o .‘
— Looking for spatial over-densities among 8 0.0 ';':s.
a structured diffuse background — il CRCT SR
— Contamination from mis-classified s 0.2 Ef" N
» L4 .’\

“objects” (cosmic-rays / galaxies) o
— Simultaneously fitting in spatial and ~0.4 3 N
energy / color dimension -

— N_stars (full survey) ~ 1e8
N_photons (10 yrs) ~ 1.5e8

Alex Drlica-Wagner | Fermilab

Walsh et al 2008
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While the LAT hardware cannot be
altered, an enormous amount of
information is recorded for each event

Allows for major improvements to
reconstruction and background
rejection software

Until now, the development of this
software was completely Monte Carlo
driven (with some minor tweaks to
mitigate environment effects)

We now have the opportunity to
optimize it for the true LAT operating
conditions and science interests

— Flight data validation of Monte Carlo
— Experience with the orbital environment
— Direction from science groups

Alex Drlica-Wagner | Fermilab

Improvements to the Fermi-LAT

‘ Pulsars as Validation Sample‘

Counts/ 0.0125 period

180

160
140
120

x105

r[\l_::kiil1llllil

SeE=rh

— Signal
- Background

100F =y ;

ot =

60F- 3

401

20 —
c:lllll LA ll;lxljlxlllljll llAl LAl : 3 1 3 'l ]
0 01 02 03 04 05 06 07 08 09 1

‘ Residual Detector Pile-up\

Pulse phase
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@, ermi Cherenkov Telescope Array

Gamma-ray

/ Space Teles scope

10-21: : :
s = gc_nfw_bb_0500h_s016_med.npz = HESS GC NFW (112h)
= Fermi dSph (4 yrs + 10 dSphs) — Thermal Relic Cross Section
| Lo femdshuoysrdodse ]
| | HESS (1 12 hn)
_WPE FermidSph O\ S T
w - (4 yrs +10 dsphs) f
L S L T =]
10-255_
 Ground-based array of air cherenkov ;
telescopes 07 | |
« Better angular resolution o] (NFW,500 1)~ [Woodetal 2013
102 10° 10*
e Larger effective area WM Mass [Gavi
« Lower energy threshold 107 | Suvies Lo anaiD | Eeaylicamn | -
L e Excluded by ID but not LHC _
* Southern array 107
4 large (23m) telescopes
i ~ 107
e 25 medium (9-12m) telescopes 8
* Small (4m) telescopes covering >3km2 -
e US contribution could make order of 10713
magnitude improvement in the 100 GeV to
10 TeV range 10

. _:\.;m: ah|II Rowley etal. (2013) [ |

—17 T R . ‘1 :
10 102 10°

m(X7) (GeV)
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Back-up Slides:
Galactic Center
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Low Energy Line Search

@5, ermi f,,s from Galactic Plane scans
Gamma ray
/ Space Tel I

 There are some common features likely from the effective area (Aeff)
* Displacement from 0 is mostly from Aeff, while spread is from bkg. modeling
« Larger systematic effect with wider windows (since power law approx. gets worse)
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